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Func<onal	  Assignment	  of	  Unknown	  Proteins	  
RuBisCO	  Superfamily	  
R. rubrum gi 83593333 I A V E Q S V E M P L L F G N - - - A L K P Q G F I K D D H G M
R. palustris gi115525677 L A I E Q S V E C P L L F G N - - - A L K P Q G V I K D D H G I
O. granulosus gi89067677 I A L E D T V E I P R I L G N - - - V I K P Q G I V K E D H G L
H. phototrophica gi163761267 I A L E Q T V E I P G I F G N - - - V I K P Q G I I K D D H G L
O. anthropi gi153012125 I A L E Q T V E I P R V F G N - - - A I K P A G F V K D D H G L
T. lettingae gi57364535 I C V E Q T I E F P I I M G N - - - A I K P M G I I K D D H G L
R. palustris gi90421776 L C S E Q S T A QW R V C G E G V F V I K P N I I A K D D E M L
R. palustris gi115522450 L C S E Q S T A QW H V C G E G V Y V I K P N I I A K D D E M L
G. kaustophilis gi56419488 I A L G L T I G T W T T F G K L - - I F K G M I L V K D D E I L
B. subtilis gi16078423 I A T G L T V G S W T V F G K L - - I F K G V I L I K D D E I F
B. clausii gi56963540 M A T G L T A K P W Q T Y G R L - - V A K G A I I I Q D D E R L
R. rubrum RuBisCO    E     T      N      K  K    K N D E   
R. rubrum gi 83593333 F F A H P T L A V I F G G R F G V P A G G M S L I G G N L
R. palustris gi115525677 V I A H P A L S T I F G G R F G V P A G G L T L I G G G L
O. granulosus gi89067677 I M A H P S H L S V F G G R F G S P G G G M S L L G G S L
H. phototrophica gi163761267 I M T H P S F T S V F G G R F G S P G G G M S L L G G S L
O. anthropi gi153012125 I V S H P A F S V V Y G G R F G A P G G G M T L V G G A L
T. lettingae gi57364535 I L S H P A F L V I F G G R F T S P A G G M N L I G G A L
R. palustris gi90421776 L I A H F P F I V I M G P R M M V P G G S D S V P G R G V
R. palustris gi115522450 L I A H F P F I V I M G P R M M V P G G S D N V P G R G V
G. kaustophilis gi56419488 I M A H P A F S V L F Y G S V A V P S A G I H N A G G G I
B. subtilis gi16078423 I M A H P A V S S L F Y G S V A V P S A G I H N A G G G V
B. clausii gi56963540 I F A H S S L T V L F Y G R I G I P S A G I D N L G G S V
R. rubrum RuBisCO    H R     H    K     S  G      G G   
1st Beta 2nd Beta
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e.g.	  HPLC	  and	  
Radio-­‐TLC	  Assays	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•  X1-­‐Lys2-­‐X2	  tripepide	  	  
–  Extended	  by	  a	  two	  carbon	  malonyl	  unit	  
–  Cyclized	  via	  the	  ε-­‐amino	  group	  of	  Lys2	  to	  generate	  a	  12-­‐membered	  
macrolactam	  ring	  
•  Two	  families	  within	  the	  syrbac<n	  class	  
–  P.	  syringae	  B301D-­‐R	  	  for	  syringolin	  

















Syringolin	  iden<ﬁed	  due	  to	  ability	  to	  confer	  
resistance	  to	  pathogenic	  fungi	  in	  rice	  
	  
	  -­‐	  Due	  to	  increased	  HR	  in	  the	  plant	  	  
	  -­‐	  Further	  studies	  found	  an1-­‐	  
	  	  	  prolifera1ve	  ac1vi1es	  in	  several	  	  
	  	  	  cancer	  cell	  lines	  
Glidobac<n	  iden<ﬁed	  by	  screening	  for	  	  
an<-­‐tumor	  metabolites	  
	  
-­‐ 	  An1-­‐tumor	  ac1vity	  in	  P388	  	  
	  	  	  leukemia	  infected	  mice	  
-­‐ 	  Toxicity	  towards	  B16	  melanoma	  cells	  	  
-­‐ 	  An1fugal	  ac1vity	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Syrbac<n	  Structure	  and	  Discovery	  


















































































































Syrbac<ns	  are	  Proteasome	  Inhibitors	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  Gene	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A	  =	  Adenyla<on	  (Amino	  Acid	  Ac<va<on)	  
	  
T	  =	  Thiola<on	  (Amino	  Acid	  Capture)	  
	  
C	  =	  Condensa<on	  (Pep<de	  Bond	  Forma<on)	  
	  
TE	  =	  Thioesterase	  (Pep<de	  Cleavage)	  
























































































































































































































































































































































































































































Syrbac<n	  Core	  Biosynthesis	  








































































Syrbac<n	  Tailoring	  –	  Lysine	  Oxida<on	  	  
Desatura1on	   Hydroxyla1on	  





















































SylC	  ?	   GlbG,	  GlbB	  or	  GlbH	  ?	  
Ureido	  linkage	  
Ala3!




















































N-­‐acyla<on	  of	  Syringolin	  
Syringolin	  Gene	  Cluster	  










































(C-­‐A-­‐T)1	   (C-­‐A-­‐T)2-­‐(C-­‐A-­‐T)3-­‐KS-­‐AT-­‐DH-­‐KR-­‐ACP-­‐TE	  




























































Is	  SylC	  Biosynthesizing	  the	  Ureido	  Linkage?	  	  














































































SylC	  Expression	  and	  Puriﬁca<on	  
-­‐ 	  SylC	  from	  strain	  of	  P.	  syringae	  v.	  syringae	  B301D-­‐R	  would	  not	  express	  	  
	  	  regardless	  of	  tag,	  temperature,	  or	  expression	  host	  
-­‐ 	  P.	  syringae	  v.	  syringae	  B728a	  was	  also	  a	  validated	  producer	  of	  syringolin	  
-­‐ 	  Sequence	  iden<ty	  between	  the	  SylC	  genes	  is	  99.5%	  and	  between	  SylC	  
	  	  proteins	  is	  99.6%	  	  
	  
-­‐ 	  The	  SylC	  B728a	  protein	  was	  readily	  expressed	  and	  soluble	  in	  E.	  coli	  BL21	  	  
	  	  Codon	  Plus	  with	  a	  N-­‐	  or	  C-­‐	  terminal	  His6	  tag	  


















































































































14AcetylCoA	  Priming	  by	  Sfp	  





































14Val	  Loading	   14AcCoA	  Loading	  14 l	  L ading	   14AcetylCoA	  Priming	  by	  Sfp	  


























































Analysis	  of	  T	  Domain	  Bound	  Intermediates	  	  	  
Analysis	  Product	  by	  
Mass	  Spectrometry	  
Ureido	  Dipep<de	  Forma<on	  
Val  
118.0868 
m/z Ion Δ ppm 
261.1445 (M+H)+ -0.12 
262.1474 (M+H)+ -0.53 
263.1502 (M+H)+ 2.48 
283.1264 (M+Na)+ -0.32 
284.1319 (M+Na)+ 8.29 













m/z: 260.1372 (100.0%), 261.1406 (11.9%), 262.1415 (1.0%)
Ureido	  Dipep<de	  Forma<on	  
m/z Ion Δ ppm 
275.1601 (M+H)+ -0.07 
276.1627 (M+H)+ -1.95 
277.1635 (M+H)+ -6.55 
297.1420 (M+Na)+ -0.44 
298.1458 (M+Na)+ 2.01 













m/z: 274.1529 (100.0%), 275.1562 (13.0%), 276.1571 (1.0%)
m/z Ion Δ ppm 
289.1760 (M+H)+ 0.73 
290.1788 (M+H)+ -0.29 
291.1797 (M+H)+ -4.98 
311.1576 (M+Na)+ -0.55 
312.1610 (M+Na)+ 0.52 













m/z: 288.1685 (100.0%), 289.1719 (14.1%), 290.1728 (1.0%)
m/z Ion Δ ppm 
261.1445 (M+H)+ -0.12 
262.1474 (M+H)+ -0.53 
263.1502 (M+H)+ 2.48 
283.1264 (M+Na)+ -0.32 
284.1319 (M+Na)+ 8.29 













m/z: 260.1372 (100.0%), 261.1406 (11.9%), 262.1415 (1.0%)

























































H+! H2O!+	   +	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Use	  of	  13C-­‐Labeled	  Bicarbonate	  
Expect	  M+1	  Mass	  ShiA	  in	  Labeled	  Ureido	  Product	  
Incorpora<on	  of	  13C	  into	  Ureido	  Linkage	  
m/z Ion Relative Abundance 
M 261.1333 (M+H)+ 1.0 
M+1 262.1472 (M+H)+ 7.3 
m/z Ion Relative Abundance 
M 261.1445 (M+H)+ 1.0 















Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
O!
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
O!
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
O!
Possible	  Mechanisms	  of	  Linkage	  Forma<on	  
Use	  of	  18O	  Bicarbonate	  as	  Mechanis<c	  Probe	  
AA2!
AA2!





AA1 +  ATP!




AA1 +  ATP!























Use	  of	  18O	  Bicarbonate	  as	  Mechanis<c	  Probe	  
Incorpora<on	  of	  18O	  into	  Ureido	  Product	  
M 
M+2 
M+4 H218O + NaHC18O3  
m/z Ion Relative Abundance 
M 261.1453 (M+H)+ 1.0 
M+2 263.1489 (M+H)+ 0.02 
M+4 265.1467 (M+H)+ -- 
m/z Ion Relative Abundance 
M 261.1453 (M+H)+ 1.0 
M+2 263.1489 (M+H)+ 1.6 




































Use	  of	  18O	  Bicarbonate	  as	  Mechanis<c	  Probe	  
Incorpora<on	  of	  18O	  into	  Valine	  Fragment	  
m/z Ion Relative Abundance 
M 118.0863 (M+H)+ 1.0 
M+2 120.0906 (M+H)+ 0.5 
m/z Ion Relative Abundance 
M 118.0866 (M+H)+ 1.0 








H218O + NaHC18O3  
H2O + NaHCO3 
 









































































Summary	  -­‐	  Syringolin	  
-­‐ 	  SylC	  ini<ates	  syringolin	  assembly	  by	  ac<va<ng	  and	  loading	  	  
	  	  valine	  or	  isoleucine	  
-­‐ 	  SylC	  is	  the	  sole	  enzyme	  responsible	  for	  biosynthesis	  of	  the	  	  
	  	  ureido	  dipep<de	  	  
	  
-­‐ 	  The	  ureido	  carbonyl	  is	  derived	  from	  bicarbonate	  
-­‐ 	  The	  mechanism	  of	  incorpora<on	  involves	  intramolecular	  	  
	  	  	  cycliza<on	  to	  generate	  an	  ac<vated	  intermediate	  en	  route	  to	  	  









































































N-­‐acyla<on	  of	  Glidobac<n	  
















Syrbac<n	  Core	  Biosynthesis	  
















































































































Daptomycin	   Surfac1n	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Expression	  and	  Puriﬁca<on	  of	  GlbF	  
-­‐ 	  GlbF	  from	  from	  Burkholderia	  K481-­‐B301	  would	  not	  express	  	  
	  	  regardless	  of	  tag,	  temperature,	  or	  expression	  host	  
-­‐ 	  No	  other	  validated	  producer	  of	  glidobac<n	  is	  available	  
-­‐ 	  John	  Heemstra	  and	  Beth	  Saiely	  could	  only	  observe	  minimal	  ac<vity	  of	  	  
	  	  an	  NRPS	  module	  from	  vicibac<n	  biosynthesis	  if	  co-­‐expressed	  with	  a	  small	  	  	  	  	  
	  	  MbtH-­‐like	  protein	  	  
-­‐ 	  Expression	  of	  a	  GlbE(MbtH-­‐like)-­‐GlbF	  construct	  yielded	  both	  soluble	  GlbE	  	  
	  	  and	  GlbF	  
GlbE	  and	  MbtH-­‐Like	  Proteins	  
Δ5	  
MbtH-­‐Like	  Protein	  from	  P.	  aeruginosa	  
PDB:	  2PST	  
Tagless	  
	  	  	  	  	  	  	  GlbF	  
M	  	  	  	  Pel	  	  	  Sup	  
GlbE-­‐GlbF	  








































N-­‐His6-­‐GlbE-­‐GlbF-­‐C	   N-­‐GlbE-­‐GlbF-­‐His6-­‐C	   N-­‐His6-­‐GlbE-­‐GlbF-­‐His6-­‐C	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Thr	  +	  Sfp	  
AcCoA	  via	  Sfp	  
































GlbF	  Catalyzed	  Faiy	  Acid/Thr1	  Condensa<on?	  	  
?	  
Possible	  Faiy	  Acid	  Donors	  	  



































-­‐	  Synthe<cally	  prepare	  faiy	  acid-­‐CoA	  	   -­‐ 	  Synthe<cally	  prepare	  faiy	  acid-­‐SNAC	  analogue	  
-­‐	  Ar<ﬁcially	  load	  non-­‐cognate	  ACP	  via	  Sfp	  
Summary	  -­‐	  Glidobac<n	  
-­‐ 	  Expression	  and	  puriﬁca<on	  of	  GlbF	  depended	  on	  co-­‐expression	  	  
	  	  with	  an	  adjacent	  MbtH-­‐like	  protein	  	  	  	  
-­‐ 	  GlbF	  preferen<ally	  ac<vates	  and	  loads	  threonine,	  conﬁrming	  that	  	  
	  	  it	  is	  the	  ini<a<ng	  module	  for	  glidobac<n	  assembly	  
-­‐ 	  Faiy	  acid	  donors	  are	  being	  prepared	  to	  test	  for	  condensa<on	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Conclusions	  –	  Natural	  Syrbac<n	  N-­‐acyl	  Variants	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Chemically	  Synthesized	  Hybrid	  Syrbac<n	  
Conclusions	  –	  Synthe<c	  Syrbac<n	  N-­‐acyl	  Variants	  
Inhibitor	   Inhibited	  Ac<vty	   Ki’	  (nM)	  
Syringolin	  A	  
Chymotrypin-­‐like	   843	  ±	  8.4	  
Trypsin-­‐like	   6,700	  ±	  700	  
Caspase-­‐like	   ND	  
Glidobac<n	  A	  
Chymotrypin-­‐like	   49	  ±	  5.4	  
Trypsin-­‐like	   2,000	  ±	  600	  
Caspase-­‐like	   NA	  
Lipophilic	  Syringolin	  A	  
Chymotrypin-­‐like	   8.65	  ±	  1.33	  
Trypsin-­‐like	   79.6	  ±	  29.3	  

































































Lipophilic Syringolin Anionic Glidobactin
Conclusions	  –	  Alternate	  Biochemical	  Variants?	  
Enzyma<c	  Synthesis	  of	  Hybrid	  Syrbac<ns	  ??	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Other	  Natural	  Products	  Containing	  Ureido	  Linkages	  
Mechanism	  of	  Proteosome	  Inhibitors	  
Velcade	  
Salinosporamide	  A	  
Syringolin	  A	  
